This paper presents a wideband terahertz (THz) mixer based on a thin-film antenna-coupled high- 
also exists a significant challenge for THz communication, i.e., the very high path loss resulting from strong atmospheric absorption by water vapor, which poses a major constraint on the Currently, the most sensitive THz mixers were achieved in low-Tc superconducting (LTS) devices [3] [4] [5] [6] [7] [8] .
These devices, however, operate at liquid helium temperature (4.2 K) or below and, due to the high cost associated with cryogenic instruments, they are mainly for high-end applications such as [9] [10] [11] [12] [13] [14] . However, the results were mostly achieved in very low temperature ranges, where expensive and bulky cryogenic facilities were still required. Although HTS Josephson-junction mixing at higher temperatures has been observed at millimetre-wave band [15, 16] , there are rarely any reports showing THz HTS mixers working at 40 to 77 K where a single-stage cryocooler can be used. In addition, the electromagnetic design and analysis were hardly discussed for these reported HTS mixer devices, which are extremely important for the improvement of signal coupling and isolation.
With the advanced HTS step-edge Josephson-junction technology, our group has in recent years developed a number of microwave HTS mixers [17] [18] [19] and THz HTS detectors [20, 21] . Very recently, we reported our first demonstration of a narrow-band THz HTS mixer operating at around 600 GHz [22] . In this paper, we present our new research results on developing a wideband THz HTS 
Electromagnetic Design and Analysis

THz Antenna Design
Quasi-optical coupling offers the advantages of reliable and low-cost fabrication as well as the convenience of integration with the HTS Josephson junction. Figure 1 shows the geometry of a THz log-periodic circular-toothed thin-film antenna. Based on this antenna, the incident THz wave can be effectively coupled into a Josephson junction located at the antenna port. Although the CPW transmission line and surrounding ground plane are present in the simulation model, the main radiator is the central log-periodic circular-toothed structure on an MgO substrate (relative permittivity: 9.63) and a high-resistivity silicon (Si) hemispherical lens (relative permittivity: 11.7) attached on the back of the MgO substrate for high radiation directivity in the negative Z direction.
The input impedance of THz log-periodic circular-toothed thin-film antenna, calculated using the software Computer Simulation Technology (CST) Microwave Studio, is shown in figure 2 . It can be clearly seen that the input resistance and reactance traces display obvious log-periodic fluctuation characteristics as the operating frequency varies, with an average impedance of around 75-80 Ω, a typical value for a self-complementary antenna structure [23] on an MgO substrate. Also, the input resistance trace achieves either its maxima or minima when the input reactance passes through zero.
Taking advantage of these characteristics, the antenna has been carefully designed through parametric optimizations especially for the farthest arm's outer radius R1 and the log-periodic scaling 
where S11 is the reflection coefficient, and η is the radiation efficiency. It is clearly shown that the coupling efficiency is around -8 dB at 200 GHz and 600 GHz. Figure 3 shows the simulated radiation patterns of the THz antenna in the XZ and YZ planes at frequencies of 200 GHz and 600 GHz. It can be clearly seen that the radiation patterns exhibit high directivity along the negative Z direction, and the main beam becomes narrower as the operating frequency rises (half-power beam widths: 27° at 200 GHz and 10° at 600 GHz), which is expected due to the fixed aperture size of the Si lens. In addition, considering the THz antenna is to be mounted in a housing, it is necessary to investigate the effect of the housing's metal cover on the radiation patterns. The cover is a crucial element not only protecting the mixer chip from exposure but providing a good thermal contact of the mixer module with the coldhead in cryocooler. As shown in figure 3 , the original small radiation back-lobe disappears due to the reflection of a metal housing cover placed at a height of Z = +2 mm from the thin-film antenna plane. However, the presence of a metal cover does not change the main-lobe but produces some extremely minor side-lobes. This is mainly benefited from the relatively high front-to-back ratio of the designed THz antenna. 
Microwave Coupling Design
Apart from the quasi-optical coupling of THz radiation, it is also extremely important to investigate the transmission characteristics of the microwave IF output signal. Rn) and operating temperature, the two port impedances are set as 50 Ω and a 50-Ω CPW microwave transmission line is designed for matching. However, the discontinuity near the Josephson junction creates an additional capacitive reactance which deteriorates the impedance matching at higher frequencies. In order to overcome this matching problem, a short highimpedance transmission line element is placed at an appropriate position on the CPW line to behave as a lumped inductor to compensate for the parasitic capacitance. 
Chip Packaging Design
It is necessary to further examine the transmission performance of the microwave matching circuit while the mixer chip is mounted into a metal housing. As shown in figure 7(a) , the conventional packaging approach is to locate the MgO chip on the housing base which contains a window for 8 placing the Si lens. Figure 8 shows the simulated reflection and transmission coefficients for this mounting method, from which it is clearly seen that a lot of detrimental spikes appear in the traces.
This phenomenon can be explained as follows. For the mounting method shown in figure 7 (a), the original ungrounded CPW line has become grounded due to the presence of the metal housing base.
However, since there are no conducting via-holes connecting the top and bottom ground planes, the parasitic parallel-plate modes of grounded CPW line can be easily excited, which propagate and cause undesirable resonances.
Unfortunately, fabricating the conducting via-holes through the brittle MgO substrate along the CPW transmission line risks damaging the device chip, so is not a practical solution. In order to overcome the undesired resonance problem, an improved packaging method was proposed as shown in figure   7 (b). Here, the MgO chip is placed in such a way that its top side thin-film Au ground plane is pressed against the housing plates using silver epoxy as the conductive adhesive. As clearly shown in figure 8 , the microwave reflection and transmission characteristics for this new packaging approach has greatly improved compared with that of the conventional one; the unwanted resonant spikes have been removed. 
Experimental Details
Based on the systematic electromagnetic design and analysis, a wideband THz HTS Josephsonjunction mixer module was fabricated and the photographs of the packaged module and patterned device are shown in figure 9 . The MgO mixer chip is packaged using the proposed approach in figure 7(b), and then secured with two small thin-plates on its backside. Here, two mixer devices were fabricated on a 10×10-mm 2 MgO substrate, and two 3 mm diameter Si hemispherical lens were mounted on the back of the substrate and side by side as shown in the bottom view. In addition, two 5×10-mm 2 Bias-Tee printed circuit boards (PCBs) are located adjacently to both sides of the MgO chip, respectively. The in-house designed Bias-Tee network was implemented on a 0.254-mm thick polished Alumina substrate, which could operate up to 40 GHz and provides good isolation between the DC and microwave signals. Some resistors and capacitors are utilized in the DC biasing lines for electrostatic protection and interference prevention. The HTS mixer chip was fabricated at our laboratory using the well-established step-edge YBa2Cu3O7-x (YBCO) junction technology [24] . Briefly, after the step-edge patterns were created on the MgO substrate using a standard photolithography and Ar-ion beam milling, a ~200 nm thick YBCO film with a 50 nm in-situ Au film on top was 
Mixer Characterizations
The step-edge junction displays a well-defined resistively-shunted-junction (RSJ) behavior in all The HTS Josephson-junction mixer has been characterized at temperatures between 40 K and 77 K, a range that is attainable with a single-stage portable cryocooler. The mixer was found to operate stably at all measured temperatures, although the output signal-to-noise ratio (SNR) decreases with increasing working temperature due to the smaller conversion gain and higher mixer noise at higher temperatures. The fact that our mixer could operate at 77 K is a striking result as, to the best of our knowledge, the reported THz HTS mixers in literature to date (except for our very recent reported narrow-band THz mixer [22] ) all operated in the temperatures lower than 77 K. For clarity, only exemplar results at 40 K are presented in this paper. 
Conclusion
A wideband THz HTS Josephson-junction mixer was presented in this paper. The THz log-periodic thin-film antenna, microwave matching circuit as well as mixer chip package were carefully designed to improve the THz radiation coupling and microwave signal transmission. Based on the optimized design, the wideband THz HTS mixer module was fabricated and characterized to demonstrate the frequency down-conversion capability. Harmonic mixing performance was characterized at both the 
